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Abstract

Lipids, primarily triglycerides, are major milk constituents of most mammals, providing a large 

percentage of calories, essential fatty acids and bioactive lipids required for neonatal growth and 

development. To meet the caloric and nutritional demands of newborns, the mammary glands of 

most species have evolved an enormous capacity to synthesize and secrete large quantities of 

lipids during lactation. Significant information exists regarding the physiological regulation of 

lipid metabolism in the mammary gland from the study of dairy animals. However, detailed 

understanding of the molecular mechanisms regulating milk lipid formation is only now coming 

into focus through advances in mouse genetics, global analysis of mammary gland gene 

expression, organelle protein properties and the cell biology of lipid metabolism.
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Importance of milk lipids

The composition of milk has been tailored by evolution to meet the diverse neonatal growth 

and nutrient requirements of individual mammalian species. Owing to their high energy 

content, lipids in milk supply the majority of the calories required for neonatal growth in 

most species [1]. Milk lipids also provide a mechanism for transfer of fat-soluble vitamins to 

infants and are a primary source of essential fatty acids required for neonatal membrane 

synthesis and as substrates for synthesis of eicosanoids and other bioactive lipid signaling 

molecules [2]. In particular, long-chain polyunsaturated fatty acids (LC-PUFAs) such as 

arachidonic acid and docosahexaenoic acid, which are thought to be critical for early brain 

and retinal development of newborns, especially in preterm infants that have a reduced 

capacity to synthesize LC-PUFAs, are enriched in human breast milk [2]. Although adaptive 
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strategies exist, interference with milk lipid synthesis has been linked to neonatal growth 

restriction [3] and defects in newborn CNS and retinal development in humans and animal 

models [2].

Milk lipid production

The production of milk lipids makes significant demands on maternal metabolism; in 

humans and rodent models of lactation, the mammary gland is estimated to be one of the 

most active lipid-synthesizing and secreting organs in the body [4-6]. However, we currently 

know little regarding the energetics of milk lipid production or the specific mechanisms by 

which lipids are packaged and secreted into milk. Milk lipids are primarily composed of 

triglycerides (98%) [7]. As first demonstrated by electron microscopy of lactating rat 

mammary glands [8], intracellular triglyceride droplets, known as cytoplasmic lipid droplets 

(CLDs), are secreted into milk as plasma membrane bilayer-coated structures (milk fat 

globules) by a process that is distinct from the classical secretory pathway used for lipid 

secretion by hepatocytes and enterocytes [9]. The sheer quantity of triglyceride synthesis 

during lactation, along with the novel mechanism by which it is secreted, make the 

mammary gland a physiologically useful system for investigating lipid metabolism in 

nonadipose cells as well as a unique model of lipid secretion.

Secretory differentiation

Milk is synthesized and secreted by specialized secretory epithelial cells that line the luminal 

cavity of mammary alveoli. The ability of these cells to synthesize and secrete milk is not a 

constitutive function but develops during pregnancy by a complex, hormonally driven, two-

stage secretory differentiation process [10,11]. The initial stage of secretory differentiation, 

which begins around mid-pregnancy in most species, is characterized by expansion of 

alveoli and induction of genes encoding milk proteins and enzymes responsible for synthesis 

of milk products. The second stage, initiated around the time of parturition by the fall in 

serum progesterone levels, is associated with further stimulation of biosynthetic processes 

and activation of mechanisms required for copious milk secretion [10]. Milk secretion is 

maintained during lactation, with production volume regulated by neonatal nutritional 

demands. Weaning results in inhibition of secretion, cessation of milk production, 

downregulation of milk synthesis genes and regression of alveoli to a prepregnancy state.

Accumulation of CLD in milk-secreting cells is one of the earliest histological features of 

the initial stage of secretory differentiation [12-14]. Observations that significant numbers of 

CLD are not present in epithelial cells lining ductal structures, or in myoepithelial cells 

surrounding alveoli, suggest that triglyceride accumulation in secretory epithelial cells is not 

simply the result of generalized alterations in lipid metabolism that occur during pregnancy 

[15]. Rather, the process appears to reflect activation of a specific differentiation program 

required for milk lipid production during lactation. Four histologically distinguishable 

phases of CLD accumulation have been identified in secretory epithelial cells in the mouse 

mammary gland (Figure 1). The initial phase is associated with formation of clusters of 

small CLDs (<1 μm) in a limited number of immature alveoli beginning around mid-

pregnancy [14]. CLD size and number then increase as alveoli expand and mature during the 

latter half of pregnancy (phases II and III), such that milk-secreting cells are completely 
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filled with CLDs, many of which have diameters in excess of 10 μm, just prior to parturition 

(phase III) [14]. With the onset of milk secretion at parturition, CLDs dramatically decrease 

in size and move to the apical border as they begin to be secreted (phase IV) [12,14]. The 

pattern of CLD accumulation in differentiating milk-secreting cells suggests that milk lipid 

formation involves sequentially regulated lipogenic, transport and secretion phases that are 

functionally linked to the maturation of alveoli into milk-secreting structures.

Milk lipid biogenesis

Cytoplasmic lipid droplets, the immediate precursors of milk lipids, are composed of a 

hydrophobic core of neutral lipids (triacylglycerol [TAG] as well as cholesteryl and retinyl 

esters) that accounts for 90–95% of their mass. The core is surrounded by a phospholipid 

monolayer [16], representing 3–5% of the CLD mass [17,18], and specific surface-

associated proteins that are hypothesized to function in their formation, stabilization, 

trafficking and secretion [18-20]. Although only limited information exists regarding 

mechanisms of CLD biogenesis or the molecular machinery responsible for their assembly, 

evidence from studies of the mammary gland and other tissues have identified the 

endoplasmic reticulum (ER) as the likely site of their formation. Triglycerides and 

cholesteryl esters that form the neutral lipid core are synthesized by acyl-CoA:diacylglycerol 

acyltransferase (DGAT) and acyl-CoA:cholesterol acyltransferase enzymes, respectively, 

located in the ER [21-23]. The ability of the ER to directly incorporate newly synthesized 

TAG into CLD was originally demonstrated in the lactating mouse mammary gland by Stein 

and Stein [24]. Using electron microscopic radioautography they demonstrated that 

following tail vein injections of radioactive glycerol or oleic acid, the labeled molecules 

initially localized to ER cisternae and then rapidly accumulated in CLDs surrounded by ER 

membranes. More recently, Keenan et al. [25] and Marchasean et al. [26] demonstrated de 

novo generation of CLDs from isolated microsome fractions of mammary glands and 

cultured adipocytes, respectively.

ER association

Ultrastructural studies of rat liver [27], cultured mouse adipocytes [28,29], baby hamster 

kidney cells [30] and human monocytes [31,32] suggest that CLDs directly contact ER 

membranes. This concept is supported by biochemical studies identifying lumenal and 

integral membrane ER proteins on isolated CLD fractions from milk-secreting cells of 

lactating mammary glands by immunoblot [33] and 2D electrophoresis/mass spectrometry 

analyses [20]. The association of ER proteins with CLDs was subsequently confirmed in 

other cell types by proteomic analyses of CLDs from adipocytes [34], Chinese hamster 

ovary cells [35] and monocytes [32]. Evidence that milk lipids are directly derived from ER-

generated CLDs was obtained by Wu et al. [20], who showed that ER proteins found on 

CLDs isolated from milk-secreting cells were also present in the secreted milk fat globules 

(MFGs).

Despite convincing evidence that CLDs originate at the ER, the mechanism by which these 

structures form remains poorly understood and controversial. A widely accepted model is 

that newly synthesized TAG molecules accumulate between the ER membrane leaflets 

causing the membrane bilayer to swell, leading to the eventual release of TAG molecules as 
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phospholipid monolayer-coated CLDs by a budding mechanism [9,17,18,36]. This model is 

based on observations of osmophilic distensions of the ER membrane bilayer in both plants 

and milk-secreting cells of lactating rats [9,37]. The observation of such distensions, 

however, appear to be rare occurrences [18,38], indicating that TAG droplet accumulation 

between membrane leaflets is either a rapid transient event, in which little steady-state 

accumulation occurs, or that other mechanisms of CLD formation exist. Indeed, evidence 

exists that CLDs may originate in regions of the cytoplasm adjacent to specialized regions of 

the ER membrane [17,31].

Triglyceride synthesis

The glycerol and fatty acid substrates required for milk lipid synthesis are derived de novo 

from glucose, or obtained by transfer from the serum [39]. Coordinate increases in the 

activities of enzymes involved in de novo fatty acid synthesis [40,41] and transcript levels of 

genes encoding these enzymes [42,43] have been documented in differentiating mammary 

glands of laboratory animals. Although the exact timing varies between species, induction of 

these enzymes occurs toward the end of pregnancy or at the beginning of lactation, with 

expression levels remaining elevated during lactation to maintain milk lipid production 

[41,42]. Correlating with increased expression of de novo fatty acid synthesis genes, there is 

a concomitant decrease in the expression of β-oxidation genes [42,44]. These changes occur 

in association with depletion of mammary adipose lipid [45,46] and downregulation of 

adipose-specific genes involved in lipid metabolism and TAG storage [14,43]. While the 

cellular specificity and functional significance of these changes remain to be established, 

these findings suggest a model in which activation of lipogenic mechanisms in milk-

secreting cells is functionally integrated with inhibition of fatty acid oxidation and TAG 

storage in mammary adipose tissue in order to shunt glycerol and fatty acid substrates into 

the synthesis of milk lipids.

De novo glycerol & fatty acid synthesis

Evidence of the importance of de novo glycerol and fatty acid synthesis to TAG formation 

and CLD accumulation comes from studies of transgenic mice in which protein kinase B 

(AKT1) was either overexpressed [5] or ablated [44]. AKT1-dependent signaling is known 

to influence the synthesis of glycerol and lipid from glucose by modulating glucose uptake 

[5,44,47,48] and regulating the activity of ATP-citrate lyase, a key regulatory enzyme in de 

novo fatty acid synthesis [49,50]. Milk-secreting cells in AKT1-null mice exhibit normal 

morphology and milk protein expression but have impaired CLD accumulation, which 

correlates with decreased glucose uptake, reduced expression of fatty acid synthesis genes 

and elevated expression of β-oxidation genes [44]. Conversely, in transgenic mice over-

expressing constitutively activated AKT1, there is precocious and pronounced accumulation 

of large CLDs in differentiating milk secreting cells and significant increases in the fat 

content of milk [5]. Collectively, these data argue for a central role for AKT1 in regulating 

TAG formation in milk-secreting cells by increasing de novo glycerol and fatty acid 

synthesis through: activation of glucose uptake; stimulation of biosynthetic enzyme 

expression; and inhibition of fatty acid oxidation [44]. These effects of AKT appear to be 

isozyme specific, as deficiencies in AKT-2 or -3 do not significantly affect mammary gland 
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properties or milk lipid formation, despite altering the metabolic properties of other cell 

types [44].

In nonruminants, de novo fatty acid synthesis is responsible only for the production of 

medium-chain fatty acids (8–14 carbons) [39]. In addition to AKT1, medium-chain fatty 

acid synthesis in the mouse mammary gland appears to be regulated by Spot 14 (S14) [51]. 

S14 was identified in a screen of thyroid hormone-responsive genes in hepatic tissue [52]. 

Subsequently, deletion of the S14 gene was found to inhibit medium-chain fatty acid 

production in mammary glands but not livers of lactating mice. The mechanism by which 

S14 regulates mammary gland fatty acid synthesis is not well understood but may involve 

regulation of fatty acid synthase activity, a key regulatory enzyme in the de novo synthesis 

of fatty acids in normal mammary tissue and mammary tumor cells [51,53,54]. Interestingly, 

preliminary reports indicate that S14 levels are increased in mammary glands of mice that 

express constitutively active AKT1 [6]. If correct, this observation suggests that regulation 

of S14 levels may be an additional mechanism by which AKT1 regulates milk lipid 

synthesis.

Long-chain fatty acids (16+ carbons) in milk lipids are obtained by transfer from the serum 

following lipoprotein lipase (LPL)-mediated release from serum triglycerides [39]. LPL 

transcript and activity levels in mouse mammary glands increase dramatically at the end of 

pregnancy [55] in conjunction with increased de novo fatty acid synthesis activities [6], 

suggesting the existence of physiological mechanisms for coordinately increasing the supply 

of both exogenously and de novo-derived fatty acids needed for milk lipid synthesis. 

Although hormonal actions have been implicated, the nature of the physiological 

mechanisms regulating de novo synthesis and exogenous uptake of fatty acids in the 

mammary gland remain poorly understood [6,39].

Glycerol esterification

Sequential fatty acid esterification of glycerol-3-phosphate [56] is the primary pathway of 

TAG synthesis in most cell types [57]. However, alternative pathways exist. In particular, 

formation of diacylglycerol by esterification of sn2-monoacylglycerol is a prominent 

pathway of TAG synthesis in intestinal epithelial cells, liver and adipose cells under certain 

conditions [57]. Detailed information concerning the pathway(s) involved in producing TAG 

for milk lipids is not available. However, recent studies have shown that mice deficient in 

Agpat6, a novel glycerol lipid acyltransferase family member, exhibit a lactation phenotype 

characterized by impaired milk production, reduced milk TAG levels and diminished 

numbers of CLDs in milk-secreting cells. These alterations appear to be specific to glandular 

elements, as mammary tissue of Agpat6-deficient mice retain lipid-rich adipocytes [58]. 

Although Agpat 6 contains glycerol lipid acyltransferase sequence motifs, it is only distantly 

related to other members of this family [58] and its enzymatic activity has not been 

established. These results raise the possibility that TAG synthesis in milk-secreting cells 

may occur by a unique Agpat 6-dependent pathway and further suggest that if alternative 

pathways are present, they are not sufficient to support CLD accumulation and milk lipid 

synthesis in the absence of Agpat6.
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DGAT isozymes

Two genetically different forms of DGAT (DGAT1, DGAT2) with distinct physiological 

functions have been identified in mammalian cells [59,60]. Ablation studies have 

documented that DGAT2 is responsible for the majority of triglyceride synthesis in mice and 

that animals born without this enzyme fail to survive owing to rapid dehydration resulting 

from skin barrier abnormalities [61]. On the other hand, DGAT1-deficient mice are viable 

and possess significant quantities of white adipose tissue (WAT) [62]. Nevertheless, these 

mice exhibit altered metabolic properties, defects in hair growth and fail to lactate [62]. 

Furthermore, histological and electromagnetic analyses of mammary glands of DGAT1-null 

mice documented impaired mammary gland development and the absence of CLD in milk-

secreting cells, despite the presence of adjacent lipid-rich WAT [62,63]. Using transplant 

studies, Cases et al. demonstrated distinct stromal and epithelial effects of DGAT1 loss on 

mammary gland development [63]. Wild-type epithelium transplanted into wild-type stroma 

developed into histologically normal glandular structures, whereas glandular development 

was impaired when wild-type epithelium was transplanted into the stroma of DGAT1-null 

mice. Conversely, when epithelium from DGAT1-null mice was transplanted into wild-type 

stroma, it developed into histologically normal glandular structures. However, milk-

secreting cells within these structures completely lacked CLD and exhibited evidence of 

impaired functional differentiation when compared with wild-type epithelium transplanted 

into wild-type stroma. These observations suggest DGAT1 in both the stromal and epithelial 

compartments is required for normal mammary gland development and that DGAT1 is 

specifically responsible for the synthesis of the TAG core of CLD in milk-secreting cells. 

The importance of DGAT1 in milk lipid production is further supported by genetic studies 

of cattle, which identified a nonconservative lysine to alanine substitution in DGAT1 that 

altered its enzymatic activity and was responsible for a quantitative trait locus affecting milk 

fat content [64].

Triglyceride stabilization

Proteins associated with the CLD surface play essential and specific roles in regulating TAG 

metabolism and CLD accumulation in all eukaryotic cells [18,65,66]. Such proteins include 

members of the perilipin (PAT) family of lipid-droplet associated proteins (perilipin, 

adipophilin, TIP47, S3-12 and lipid-storage droplet protein 5) [66,67]. A primary function of 

PAT proteins is thought to be to regulate TAG turnover by controlling lipase access to the 

TAG core of CLD [65,68-70]. Currently, perilipin and adipophilin are the only PAT proteins 

in which physiological roles in TAG accumulation have been established [71-74]. Other 

functions of PAT proteins in lipid metabolism, however, are possible. Adipophilin, for 

example, has been proposed to increase TAG accumulation by regulating fatty acid uptake 

[75], transferring lipid from the ER to the CLD [31], stimulating TAG biosynthesis [76] and 

inhibiting β-oxidation [76].

Adipophilin is functionally linked to milk lipid formation

The weight of the evidence to date suggests that adipophilin is the primary PAT protein 

associated with CLD in milk-secreting cells [14]. Adipophilin specifically localizes to CLD 

in these cells in both the bovine and mouse mammary gland [14,20,77,78]. In addition, 
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adipophilin has been shown to colocalize with two proteins known to mediate milk lipid 

secretion, xanthine oxidoreductase (XOR) [79] and butyrophilin (BTN) [80], at sites of CLD 

secretion on the apical plasma membrane of lactating mice [81]. It is also a major protein 

constituent of secreted MFG in the milk of mice and cattle [20,81,82], where it appears to 

exist in a detergent-stable, high-molecular weight complex with BTN and XOR [81,82].

Although adipophilin mRNA is highly expressed in differentiated adipocytes [77,83], and 

elevated adipophilin levels are linked to lipid accumulation in many cell types [66,77,84], in 

situ hybridization analysis of developing mouse mammary glands documented that 

adipophilin transcript levels in milk-secreting cells are markedly greater than those in 

surrounding cell types, including adipocytes [14]. Adipophilin expression in milk-secreting 

cells is induced approximately 30-fold during secretory differentiation [14]. Its induction 

occurs around mid-pregnancy in conjunction with the initial appearance of CLD in milk-

secreting cells (phase I of accumulation), and several days before activation of lipid 

biosynthetic processes and major increases in CLD accumulation (phase III of 

accumulation) [14]. In mammary glands of lactating mice, microarray analysis indicates that 

adipophilin transcripts are among the most abundant present, being equivalent to that of 

other secreted milk proteins, such as the caseins [42]. Collectively, these results suggest that 

high-level adipophilin expression is a specialized property of differentiated milk-secreting 

cells that has been adapted for the production of milk lipids during lactation [9,14].

However, understanding the precise physiological role that adipophilin plays in milk lipid 

formation has been complicated by the discovery that mammary glands of mice thought to 

be adipophilin-null synthesize an N-terminally truncated form of adipophilin [85]. The 

adiphphilin gene (ADFP) is composed of eight exons, with the initiating methionine located 

in exon 2 [67]. In the putative adipophilin-null mice, exons 2 and 3 were replaced by a Geo 

cassette, leaving regulatory elements, exon 1 and exons 4–8 intact [73]. Initial 

characterization of adipophilin-null mice failed to detect any adipophilin protein or mRNA 

in their livers, suggesting complete disruption of ADFP gene expression. However, QRT-

PCR analysis subsequently showed that lactating mammary glands of these adipophilin-null 

mice expressed transcripts corresponding to exons 4–8 of adipophilin and immunoblots and 

immunolocalization studies using C-terminal-specific antibodies documented that they 

possessed a lower-molecular weight form of adipophilin that specifically localized to CLD 

and secreted MFG [85]. Although the exact mechanism by which the N-terminally truncated 

form of adipophilin is produced from exons 4–8 has not been established, it appears to be 

generated from an internal translation initiation site located in exon 5 [85].

The observation that the N-terminally truncated form of adipophilin found in adipophilin-

null mice localizes to CLD is consistent with earlier cell culture experiments showing that 

loss of the N-terminal region of adipophilin does not interfere with its ability to bind CLD 

[86,87]. These findings suggest the possibility that the truncated molecule retains the ability 

to mediate formation and secretion of milk lipids. Indeed, mammary glands of adipophilin-

null mice expressing the truncated form of adipophilin are capable of synthesizing and 

secreting milk lipids, albeit at lower levels than wild-type animals [85].
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Perilipin & TIP47

Perilipin and TIP47 are also present in mammary tissue; however, they do not appear to be 

associated with milk lipids under normal conditions. Perilipin specifically localizes to small 

pockets of adipose tissue present in mammary glands of lactating mice [14]. On the other 

hand, TIP47 is found in milk-secreting cells, but it specifically localizes to diffusely 

distributed punctate structures rather than CLDs [14]. In mouse milk TIP47 

immunoreactivity is detected in the fat-depleted (skim milk) fraction but not in the MFG 

fraction [14]. The expression properties of TIP47 are also not consistent with it being an 

actively secreted protein. QRT-PCR analysis of developing mouse mammary glands showed 

that its transcript levels were only a fraction of those of adipophilin; and unlike transcript 

levels of secreted proteins, those of TIP47 decreased over the course of secretory 

differentiation and lactation [14]. Nevertheless, TIP47 has been detected on MFG from 

human milk [88,89], raising the possibility that it is somehow involved in milk lipid 

secretion. However, the functional significance of this association has been questioned 

[14,89], and it is possible that TIP47 becomes associated with MFG during membrane 

envelopment of CLDs, which in some species – including humans – results in the inclusion 

of significant amounts of cytoplasm along with vesicular structures [12,14]. TIP47, 

however, does localize to CLD in milk-secreting cells of adipophilin-null mice [85] and it 

may function to increase TAG accumulation under conditions of adipophilin deficiency 

[69,85]. However, its exact function in this process remains uncertain as it does not appear 

to interfere with lipase association to CLD [70].

Conclusion

The capacity of milk-secreting cells to synthesize and secrete large quantities of lipids 

required for neonatal growth and development is induced during the differentiation of the 

mammary gland into a secretory organ. Comparison of the time courses of induction of 

adipophilin and lipid biosynthesis genes to the histological phases of CLD accumulation 

suggest a bipartite model of milk lipid biogenesis, in which the synthesis of adipophilin and 

perhaps that of other molecules required for stabilizing triglyceride droplets are induced 

prior to processes that stimulate TAG synthesis. In this model, modest increases in CLD 

accumulation occurring during the initial phases of differentiation are proposed to reflect 

primarily adipophilin-dependent inhibition of TAG lipolysis; whereas the major increases in 

CLD accumulation that occur toward the end of differentiation are due to dramatic increases 

in DGAT1-dependent TAG synthesis (Figure 2). Increased TAG synthesis appears to be 

regulated by coordinate activation of mechanisms that increase the availability of fatty acid 

and glycerol substrates. These mechanisms involve AKT-1-dependent activation of de novo 

fatty acid and glycerol synthesis, LPL-dependent uptake of fatty acids from exogenous 

sources and decreased fatty acid oxidation.

Future perspective

Because lipids are a substantial component of the milk of most mammals, and the lipogenic 

mechanisms in milk-secreting cells are developmentally regulated, the mammary gland 

provides a sensitive and accessible physiological model to investigate fundamental 
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mechanisms of milk lipid biogenesis and secretion. There are several pressing questions 

related to these mechanisms:

■ What regulates CLD biogenesis and what is the role of the ER membrane in this 

process? The hypothesis that CLDs originate by accumulation of triglyceride 

between ER membrane leaflets is mechanistically attractive since it provides a 

viable explanation for the origins of the phospholipid monolayer and the 

proteins associated with the CLD surface. However, there is little direct support 

for this mechanism, and essentially nothing is known about the molecular 

properties of synthesis sites or the mechanics of CLD assembly. Moreover, if 

CLDs are intimately associated with the ER, it is unclear how they are 

transported to the apical membrane for secretion?

■ What regulates CLD size? There is an enormous variability in CLD size within 

eukaryotic cells and little is known regarding how CLD size is controlled in any 

cell type. At the physiological level, the size of CLDs in milk-secreting cells 

appears to reflect the balance between their biogenesis, lipolysis and secretion 

rates. However, it is unclear whether CLDs grow by fusion of smaller CLDs 

with one another, by accretion of triglycerides within existing CLDs, by 

increasing triglyceride incorporation into the CLD core at the time of their 

assembly, or by limiting lipolysis of their triglyceride core. Consequently, 

understanding CLD growth mechanisms will require knowledge of both 

biogenesis and lipolysis mechanisms;

■ What controls CLD accumulation during differentiation of milk-secreting cells? 

Although the enzymatic pathways controlling fatty acid and triglyceride 

synthesis are known, the contributions of individual components of these 

pathways to CLD accumulation is poorly understood. Conversely, we know very 

little regarding the role of lipolysis in CLD accumulation. Importantly, the 

identity of lipases that mediate this triglyceride hydrolysis and the contributions 

of specific CLD-associated proteins, such as adipophilin, to the control of 

lipolytic activity in milk-secreting cells remain undefined;

■ What is the mechanism of milk lipid secretion? Milk lipid secretion is a multiple 

step process requiring directional transport of CLDs from their sites of synthesis 

on the ER membrane to the apical plasma membrane, interaction of CLDs with 

apical plasma membrane components to initiate membrane envelopment and 

release of membrane-enveloped CLDs into milk. Other than identifying XOR 

and BTN as essential for milk lipid secretion, we know few details concerning 

any aspect of this process. Observations that adipophilin colocalizes with XOR 

and BTN at sites of CLD secretion on the apical membrane, and that it forms 

stable complexes with XOR and BTN in secreted MFG, implicate interactions 

between these three proteins in the secretion mechanism. However, additional 

studies are needed to verify the involvement of adipophilin in the secretion 

process and to define the specific contributions of each of these proteins to the 

mechanism of secretion.
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Executive summary

Health importance of milk lipids

■ Triglycerides are major constituents of the milk of most mammals, providing 

a large percentage of calories needed for neonatal growth, a mechanism of 

transfer of lipid soluble vitamins to neonates and a source essential fatty 

acids needed for membrane synthesis and formation of bioactive lipid 

signaling molecules.

■ Milk lipids are a critical source of arachidonic and docosahexaenoic acids 

needed for neonatal brain and retinal development.

Milk lipid production & mammary gland differentiation

■ The lactating mammary gland may be among the most active triglyceride 

synthesizing organs in the body.

■ Triglyceride synthesis is a differentiated property of milk-secreting cells and 

develops as part of the program of lipogenesis that is induced during 

differentiation of the mammary gland into a secretory organ.

Milk lipid biogenesis

■ Milk lipids are derived by secretion of cytoplasmic assemblies of triglyceride 

droplets surrounded by a phospholipid monolayer and surface-associated 

proteins called cytoplasmic lipid droplets (CLDs).

■ CLDs are generated at the endoplasmic reticulum by a poorly understood 

mechanism.

Triglyceride synthesis

■ DGAT1 is specifically required for triglyceride synthesis by milk-secreting 

cells.

■ Protein kinase B (AKT1) is a critical regulator of triglyceride synthesis in 

milk-secreting cells through its actions on glucose uptake and expression of 

genes involved in de novo fatty acid synthesis.

■ Spot 14 and Agpat-6 also play critical roles in regulating triglyceride 

synthesis by milk-secreting cells and are required for milk lipid production.

Triglyceride stabilization

■ Adipophilin, a lipid droplet-associated protein that promotes CLD 

accumulation by inhibiting triglyceride lipolysis, is selectively induced in 

differentiating milk secreting cells of mice at the time of initial CLD 

accumulation.

■ Adipophilin is an abundantly expressed protein in the lactating mammary 

gland and its levels closely correlate with CLD accumulation.
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■ Immunofluorescence studies have linked adipophilin with xanthine 

oxidoreductase and butyrophilin, two proteins known to be required for milk 

lipid secretion, at sites of CLD secretion on the apical membrane.
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Figure 1. Lipid accumulation in differentiating milk-secreting cells occurs in phases
The developmental progression of cytoplasmic lipid droplets (CLDs) and their accumulation 

in milk-secreting cells of differentiating mammary glands are shown in cross-sectional 

diagrams of alveoli. Small (<1 μm in diameter) CLDs coated with adipophilin (indicated by 

red dots) are sporadically observed in milk-secreting cells at the beginning of secretory 

differentiation (phase I), which in mice typically begins at approximately pregnancy day 12 

(P12). Between P12 and P14 (phase II) adipophilin CLDs undergo modest increases in size 

and number in some, but not all, milk-secreting cells. Some CLDs are now large enough that 

a neutral lipid core (indicated by a yellow sphere) can be seen to be surrounded by 

adipophilin (shown as a red annulus). Starting at P14 and progressing through P18 (typically 

the day before parturition) CLDs undergo sharp increases in size and number in all 

milksecreting cells. In milk-secreting cells of outbred CD1 mice on the day before 

parturition, CLDs completely fill the cytoplasm and many exceed 10 μm in diameter (phase 

III). Following parturition and the onset of milk secretion (phase IV), CLD size and number 

decrease dramatically and they become enriched at the apical border of the cell and are 

found and secreted in the alveolar lumen. Nuclei are indicated by blue ovals, dotted arrows 

indicate secretion of CLDs.

Lu: Lumen.
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Figure 2. Bipartite model of lipogenesis in differentiating milk-secreting cells
Lipogenesis in differentiating milk-secreting cells is proposed to occur in two independently 

regulated and temporally distinct phases. The first phase is initiated by increased expression 

of adipophilin (large vertical blue arrows), and possible other molecules that impair 

triglyceride lipolysis, at the beginning of secretory differentiation. Increased expression of 

these molecules stabilizes formation of triglycerides that are synthesized at a basal rate 

resulting in modest increases in the size and number of CLDs (shown as a pink sphere 

indicating the triglyceride core and a dashed blue line to indicate surface-associated 

adipophilin). The second phase, induced toward the end of pregnancy, is characterized by 

dramatic increases in the rate of DGAT-1-dependent triglyceride synthesis (large vertical 

pink arrows) and further elevation in adipophilin expression. The increase in triglyceride 

synthesis is mediated by AKT-1-dependent increases in de novo fatty acid and glycerol 

synthesis and lipoprotein lipase-dependent mobilization of exogenous fatty acids from 

serum triglycerides.

CLD: Cytoplasmic lipid droplet; TAG: Triacylglycerol.
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